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Summary 
Expression of the structurally and functionally distinct 
min K channel in Xenopus oocytes results in voltage- 
dependent potassium currents that activate with a 
characteristic slow time course. Application of a mem- 
brane-impermeable chemical cross-linking agent to 
oocytes expressing min K decreased the time-depen- 
dent current, increased its rate of activation, and in- 
duced persistently activated inward and outward po- 
tassium currents. These effects required membrane 
depolarization, demonstrating use dependence. Per- 
sistently activated channels retained potassium selec- 
tivity and sensitivity to block by clofilium and barium. 
These results suggest that a major conformational 
change occurs during min K channel gating, which 
can be stabilized by chemical cross-linking, and are 
consistent with a model in which min K channels acti- 
vate by voltage-dependent subunit aggregation. 
Introduction 
One voltage-dependent potassium channel, min K or IsK, 
is structurally and functionally distinct. The min K protein 
contains only 130 amino acids and a single predicted 
transmembrane domain. Min K displays no homology with 
other cloned potassium channels (Takumi et al., 1988), 
although it shares an overall topology with two other slowly 
activating channels, phospholemman, a chloride channel 
(Moorman et al., 1992), and the influenza M2 protein, which 
is permeable to protons (Pinto et al., 1992). When ex- 
pressed in Xenopus laevis oocytes (Takumi et al., 1988; 
Busch et al., 1992) or HEK 293 cells (Freeman and Kass, 
1993), the rnin K protein induces voltage-dependent, po- 
tassium-selective currents that activate slowly, on the or- 
der of seconds or tens of seconds. Even in response to 
voltage commands of several minutes in duration, these 
currents do not reach a steady state, but continue to grow 
in amplitude. The slow kinetics of rain K gating and the lack 
of homology with other voltage-gated potassium channels 
suggest that min K channels may activate by a fundamen- 
tally different mechanism. However, mutagenesis of the 
min K protein altered its activation kinetics (Takumi et al., 
1991), and mutations within the transmembrane domain 
altered ion selectivity (Goldstein and Miller, 1991), sup- 
porting the hypothesis that the min K protein is itself a 
SPresent address: Physiologisches Institut I,Eberhard-Karl Universitat 
Tubingen, 72076 Tubingen, Germany. 
structural component of a potassium channel. To probe 
the gating mechanism of rnin K, we now report the results 
of experiments in which a chemical cross-linking agent 
was applied to min K-expressing oocytes. 
Results 
DTSSP Induces Instantaneous Currents and Alters 
Time-Dependent Currents 
Rat rnin K, engineered to include the FLAG epitope at the 
C-terminus and expressed in Xenopus oocytes, generated 
the characteristic, slowly activating outward current at po- 
tentials positive to -60 inV. Application of 1.5 rnM 3,3- 
dithio-bis(sulfosuccinimidyl proprionate) (DTSSP) for 15- 
20 rain, with concurrent 20 s membrane depolarizations 
every minute, progressively reduced deactivation, produc- 
ing persistent ail currents at -60 mV; increased the instan- 
taneous current observed at the beginning of the test 
pulse; decreased the time-dependent component of the 
outward current; and altered its activation kinetics (Figures 
1A and 1B). These changes were accompanied by a de- 
crease in the oocyte input resistance (Figure 1B) and an 
increase in the holding current at -80 mV (data not shown). 
The effect of DTSSP persisted even after prolonged wash- 
out (Figures 1A and 1B, trace d). 
The current-voltage relation and kinetics of activation 
and deactivation of the modified currents were examined. 
The family of current records demonstrated that chemical 
cross-linking induced currents at potentials negative to the 
activation threshold for untreated min K channels (Figures 
2A and 2B). Little or no time-dependent current was ob- 
served at potentials between -120 and -80 mV, whereas 
at more depolarized potentials, an additional time-depen- 
dent component remained. However, the voltage depen- 
dence of this component was altered by DTSSP (Figure 
2C); applying the Boltzmann function indicated that the 
Vv2 shifted -29.0 + 1.1 mV (n = 11), and the slope factor 
(k) increased from 12.6 _ 0.3 (n = 15) to 16.2 _+ 0.7 
(n = 11 ; Table 1). In addition, the time course for activation 
of the time-dependent component was faster following 
DTSSP treatment and lacked the characteristic sigmoidal 
activation kinetics (Figure 2B). A sum of two exponentials 
fitted to the delayed increase in current at 20 mV showed 
that ~fast decreased from 7.7 _ 0.5 to 1.9 _+ 0.1 s, %~ow 
decreased from 24.6 __ 1.3 to 13.6 -- 0.6 s, and the frac- 
tional amplitude of the fast component, Afast/(Afa~t + As~ow), 
decreased from 0.38 -+ 0.02 to 0.23 -+ 0.01 after DTSSP 
treatment (Table 2; n = 28). In contrast, the kinetics of 
the deactivating tail currents were only slightly altered. A 
single exponential fit to deactivation yielded a time con- 
stant that changed from 2.2 __ 0.1 to 2.4 _+ 0.1 s. 
Some relaxation of the persistently activated rnin K cur- 
rents was observed during long pulses to very hyperpolar- 
ized potentials (Figure 2B, bottom trace). Associated with 
this relaxation was a small decrease in the instantaneous 
current apparent in the following depolarizing pulse and 
an increase in the input resistance (data not shown). Both 
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Figure 1. Chemical Modification of Min K Currents by DTSSP 
(A) DTSSP (1.5 mM) was applied for 20 min in the bath solution during 
repetitive 20 s depolarizing pulses to 20 mV made every minute. Shown 
are representative current races elicited before, during, and after ap- 
plication and washout of DTSSP; a, time 0; b, 7 min; c, 20 min; d, 87 
min. A 500 ms prepulse to -100 mV from a holding potential of -80 
mV was used; tail currents were recorded at -60 mV. Time scale bar 
is positioned at 0 current. 
(B) Time course of the DTSSP effect on oocyte input resistance (open 
squares) and instantaneous (open circles) and time-dependent (closed 
circles) min K currents for 20 rain application of cross-linking agent 
and subsequent washout. DTSSP was added at time 0; letters corre- 
spond to labeled traces in (A). 
the instantaneous current and the input resistance recov- 
ered fully during subsequent depolarizations, without a 
change in the size or kinetics of the time-dependent out- 
ward current. The relaxation of inward currents a t -140 mV 
was not dependent upon external magnesium or calcium 
(data not shown). 
The initial time course of DTSSP-modified instanta- 
neous currents was examined at a faster sampling rate 
during 50 ms voltage steps. Only negligible currents were 
observed in untreated min K-expressing oocytes, as ex- 
pected for its slow rate of activation (Figure 2D). In con- 
trast, DTSSP treatment induced significant outward as 
well as inward currents during 50 ms pulses and revealed 
no kinetics following the capacitive transient (Figures 2E 
and 2F). The nearly linear current-voltage relation re- 
Table 1. DTSSP Alters the Voltage Dependence for Activation 
of the Time-Dependent Component of Min K Currents 
Gr,,× AVv~ k 
Group (% control) (mY) (mY) n 
Control 100 12.6 ± 0.1 15 
DTSSP 66 4- 2* -29.0 - 1.1" 16.2 ± 0.7* 11 
Sulfo-NHS-acetate 119 ± 5* -2.8 -+ 1.1 13.2 - 0.8 4 
Values represent mean ± SEM. Parameters were determined by fit- 
ting conductance-voltage data (from 20 s test pulses) with a Boltzmann 
relation using a Levenberg-Marquardt algorithm to minimize the sum 
of squares. 
* p < .05 for respective paired control values determined by a t test. 
flected the apparent loss of voltage- and time-dependent 
gating, indicating persistent activation of the channels. 
Some rectification, however, was present at more extreme 
potentials. In addition, instantaneous currents reversed at 
-91 _+ 2.5 mV (n -- 8), near the expected potassium 
reversal potential for oocytes under these ionic conditions 
(n = 13). These results suggest that cross-linking of min 
K holds the channel in an open state. 
The effects of DTSSP were specific for oocytes express- 
ing min K. Noninjected oocytes displayed small currents 
that were reduced or unchanged by DTSSP (Figure 2F). 
Application of DTSSP to oocytes expressing the Shaker- 
like potassium channel RBK1 (Christie et al., 1989) re- 
sulted in no increase in the instantaneous current, no obvi- 
ous change in the kinetics of activation, and only a small 
decrease in the time-dependent outward current (n -- 5). 
DTSSP-Treated Channels Retained Potassium 
Selectivity and Pharmacology 
The modified currents retained many of the essential attri- 
butes of rain K currents. Changing the external potassium 
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Figure 2. EffectofDTSSPonCurrent-Voltage 
Relation of Min K 
(A and B) Representative family of current 
traces elicited by 20 s voltage commands from 
a prepulse potential of -100 mV to potentials 
from -140 to 20 mV in 20 mV steps, before (A) 
and after (B) 20 min application and washout 
of 1,5 mM DTSSP. Tail currents measured at 
-60 mV. 
(C) Conductance-voltage r lation for the time- 
dependent component of min K currents (from 
[A] and [B]) before (closed circles) and after 
(open circles) modification by DTSSP. Continu- 
ous curves were drawn according to a Boltz- 
mann function. 
(D and E) Examination of control (D) and 
DTSSP-modified (E) currents at a faster sam- 
pling rate (20 kHz) evoked by 50 ms voltage 
commands to potentials from -160 to 40 mV 
in 20 mV steps. 
(F) Current-voltage relation of 50 ms traces for 
a min K-expressing oocyte before (closed circles) and after (open circles) DTSSP treatment, and for a representative noninjected oocyte before 
(open triangles) and after (open circles) DTSSP. In both cases, DTSSP was applied during repetitive 20 s depolarizations to 20 mV made every 
minute. 
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Table 2. DTSSP Alters the Kinetics of the Time-Dependent Component of Min K Currents 
Activation 
Deactivation 
Group Tfast ~"s~ow Af/(Af + A~) "c n 
Control 7.7 -4- 0.5 s 24.6 -+ 1.3 s 0.38 ~ 0.02 2.2 -+ 0.1 s 28 
DTSSP 1.9 _ 0.1 s 13.6 --_ 0.6 s 0.23 ~ 0.01 \ 2.4 ± 0.1 s 28 
The kinetics of activation were determined by fitting a sum of two exponentials to the delayed increase in current at 20 inV. The kinetics of 
deactivation were determined using a single exponential fit to the tail currents at -60 mV, Values represent he mean ± SEM. 
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Figure 3. Pharmacology of DTSSP-Modified Min K Channels 
(A) Barium block of DTSSP-modified rain K channels. Initial current- 
voltage relation for 50 ms voltage commands from -160 to 40 mV, 
before (closed circles) and after (open circles) 20 rnM barium. The 
inset shows current traces for DTSSP-modified min K channels for 20 
s depolarizations to 20 mV, before and after external application of 
20 mM barium. Bars, 150 nA and 5 s. 
(B) Clofilium block of DTSSP-modified rain K currents. Initial current- 
voltage relation for 50 ms voltage commands from -160 to 40 mV, 
before (closed circles) and after (open circles) 100 ~M c!ofilium. The 
inset shows current traces for DTSSP-modified rain K channels for 20 
s depolarizations to 20 mV, before and after external application of 
100 ~M clofilium. Bars, 150 nA and 5 s. 
concentration from 2 to 20 mM shifted the reversal poten- 
tial of the persistently activated currents +56.2 _+ 1.6 mV 
(n = 8), in agreement with that predicted by the Nernst 
equation for potassium. In contrast, removal of external 
chloride had little effect on the reversal potential of persis- 
tently activated currents, shifting Vrev only -0 .8 -+ 4,6 mV 
(n = 4). External 20 mM barium reduced both instanta- 
neous and time-dependent cross-linked currents by 92% -+ 
3% and 81% __. 2°/o (n = 6), respectively; both inward 
and outward currents were blocked (Figure 3A). The dose-  
response for inhibition of currents during 50 ms steps to 
0 mV gave a Ko value of 0.33 _+ 0.07 mM (n = 4); from 
the voltage dependence of the KD value, a 8 value of 0.17 
was obtained (Woodhull, 1973; Hausdorff et al., 1991). 
Clofilium, a class III anti-arrhythmic drug known to inhibit 
rain K currents (Folander et al., 1990; Honore et al., 1991 ; 
Varnum et al., 1993), also reduced DTSSP-modified cur- 
rents (Figure 3B); the instantaneous component was inhib- 
ited 78% -- 4.5%, and the time-dependent component 
was inhibited 63% __. 3.0% (n = 9). Clofilium blocked 
inward currents nearly as effectively as outward currents. 
These results indicate that, although gating was altered 
dramatically by DTSSP, the fundamental pore properties 
of min K channels (Goldstein and Miller, 1991; Hausdorff 
et al., 1991) were not changed significantly. 
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Figure 4. Chemical Modification of Min KCurrents Required Channel 
Opening 
(A) Time course of increase in the instantaneous current with repetitive 
depolarization initiated after 15 min exposure and 5 rain washout of 
1.5 mM DTSSP; the membrane potential was held at -100 mV during 
this time. The mean increase in the instantaneous current under these 
conditions (closed circles) was 200 _+ 24 nA (n = 5); this increase 
was attenuated by 20 mM glycine in the wash (open circles; +73.8 _+ 36 
nA; n = 5; p < .05). The inset shows current races for a representative 
oocyte before (0) and after 15 min application and 5 rain washout (20 
min) of 1.5 mM DTSSP. Bars, 500 nA and 5 s. 
(B) Use dependence of the effect of DTSSP on the instantaneous min 
K current. Membrane depolarizations for 20 s to 20 mV were made 
every 1 min (closed squares; n = 33-45), every 2 rain (closed circles; 
n = 4), or after 20 min (closed triangle; n = 11) during application of 
1.5 mM DTSSP. The slope of a line fit to the average increase over 
control in the instantaneous current was 29 nNmin (r = 0.997) and 17 
nNmin (r = 0.997) for depolarizations every 1 and 2 min, respectively. 
Persistent Activation Requires 
Membrane Depolarizations 
When the mere brane potential was held at -100 mV during 
application of DTSSP, the first depolarization to 20 mV 
after washout revealed no persistently activated current 
(Figure 4A). However, continued depolarizations at 1 min 
intervals produced some increase in the instantaneous 
current. This increase was inhibited by addition of 20 mM 
glycine in the wash, which provides a primary amine group 
that competes for DTSSP (Figure 4A). The use depen- 
dence of the cross-linking effect was demonstrated further 
by varying the frequency of depolarizing commands dur- 
ing DTSSP application. As shown in Figure 4B, the rate 
of change in the instantaneous current was proportional to 
the frequency of membrane depolarizations. These results 
demonstrate that rain K channels need to be activated for 
DTSSP to exert its effects. 
Cross-Linking Effects Require 
Bifunctional Acylation 
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Figure 5. Modification ofCurrents Required Bifunctional Acylation 
(A) Effect of the men®functional acylating agent, sulfo-NHS-acetate, 
applied under conditions identical to those used for DTSSP. The inset 
shows current races for a representative oocyte before and after 20 
min application and washout of 1.5 mM sulfo-NHS-acetate. Conduc- 
tance-voltage r lation for the time-dependent component of min K 
currents before (closed circles) and after (open circles) treatment with 
the monofunctional compound. Continuous curves were drawn ac- 
cording to a Boltzmann function. Bars, 500 nA and 5 s. 
(B) Chemical reduction of cross-linked channels; 5 mM dithiothreitol 
(DTT) was applied for 15 min to DTSSP-treated oocytes during repeti- 
tive 20 s depolarizations to 20 inV. 
but it adds an acetyl group that cannot react further; 
DTSSP can react with two amines, adding a dithio- 
bis(propionyl) group between them. No cross-linking effect 
was observed when sulfo-N HS-acetate was applied under 
conditions identical to those used for DTSSP (Figure 
5A). The time-dependent outward current was increased 
11.1% _+ 2.3% (n = 7), but its voltage dependence was 
not altered significantly (Table 1). In contrast to the use 
dependency of the DTSSP effect, there was little differ- 
ence seen between application of sulfo-NHS-acetate dur- 
ing repetitive depolarizations or while channels were held 
closed at hyperpolarized potentials (n = 5). 
DTSSP contains a disulfide bond centered within its 
symmetrical 12 A spacer arm. The reducing agent dithi- 
othreitol (DTT; 5-10 mM) was applied briefly subsequent 
to DTSSP application and washout. After DTT, depolariz- 
ing commands evoked currents that were reduced in am- 
plitude compared with currents before DTT application 
(Figure 5B). The instantaneous current was reduced by 
35% __ 6% (n = 5), but the time-dependent component 
was altered only slightly (-7.7% -+ 5%). Thus, cross- 
linked channels may be partially sensitive to disruption of 
the cross-linking agent. Application of higher concentra- 
tions of D-IF (25-50 mM) or longer exposure (30-60 min) 
resulted in nonviable oocytes. Thus, it was not possible 
to reverse the effect of DTSSP fully, owing to the harsh 
conditions required for complete reduction of its disulfide 
bonds. These results confirm that bifunctional conjugation 
is necessary for the cross-linking effect on min K currents. 
Discussion 
Application of a chemical cross-linking agent, DTSSP, to 
min K-expressing oocytes resulted in a population of 
channels that lost voltage-dependent gating, yet retained 
the fundamental properties of ion selectivity and sensitivity 
to specific blocking agents. These results show that the 
voltage-dependent gating of min K channels is profoundly 
altered by chemical cross-linking, and that a major confor- 
Model for min K gating by subunit oligomerization: 
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Figure 6. Model for Min K Channel Gating by Subunit Oligomerization 
Open circles represent nonactive rain K subunits freely diffusing in 
the plane of the membrane. Closed circles represent min K subunits 
whose conformation has been altered by depolarization (AV), and are 
therefore able to aggregate and assemble into functional pores of 
unknown stoichiometry (N). Complete channel complexes that have 
been tethered together by DTSSP remain persistently activated. Di- 
mers, trimers, etc. activate with addition of other subunits, at a more 
rapid rate than untreated subunits alone in the fully deactivated state; 
these deactivate at a rate similar to untreated channels, with the loss 
of only one untethered subunit. 
mational change is involved with min K channel opening. 
The results provide no direct evidence for an aggregation 
mechanism of channel gating, such as for alamethicin; 
any model in which a major conformational change is in- 
volved in channel opening can be accomodated. Indeed, 
the effects of DTSSP may be due to intrasubunit cross- 
linking or to linkage by only one end of DTSSP. The results 
are, however, consistent with an aggregation model (Fig- 
ure 6) (Baumann and Mueller, 1974). 
The current traces obtained after cross-linking reflect a 
mixed population of channel molecules. One population 
consists of persistently activated channels and may be 
due to channels locked in the open state by intersubunit 
cross-links. A second population of channels is apparent 
only under depolarizing conditions. These activate in a 
time- and voltage-dependent manner and do not reach 
steady state even during long depolarizing commands; as 
expected, this population is not seen at potentials negative 
to the normal threshold of activation. However, the activa- 
tion kinetics of this population are speeded, and this may 
be due to cross-linked complexes of less than functional 
numbers of subunits. If activation were dependent upon 
subunit aggregation, then this "partially activated" popula- 
tion would require fewer than the functional number of 
productive subunit collisions, hence activating more rap- 
idly. The time constants of the tail currents are not altered 
significantly following DTSSP treatment, suggesting that 
deactivation proceeds by the reverse process, the uncou- 
pling of one or more subunits. A third population of sub- 
units is revealed by the decrease in the current amplitude 
following DTSSP application in the absence of depolariz- 
ing commands, resulting in a reduced time- and voltage- 
dependent current amplitude, but not persistently acti- 
vated channels. This may be due to subunits that have 
been bound by one end of the homobifunctional cross- 
linker, but have not been cross-linked to another subunit 
on the other end and are thus less able to integrate into 
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functional channel complexes, perhaps through steric 
hindrance. 
The effects of DTSSP were dependent upon channel 
opening and were not reversed by prolonged washout, 
consistent with a covalent modification of the channel pro- 
tein. This suggests that a major conformational change 
occurs during channel opening, which can be stabilized 
by chemical cross-linking. A related but monofunctional 
acylating agent, sulfo-NHS-acetate, did not mimic the ef- 
fect of DTSSP, indicating that the bifunctional structure 
of DTSSP was crucial to its modification of min K currents. 
Furthermore, DTSSP had no effect on oocytes that were 
not previously injected with rain K mRNA and little effect 
on oocytes expressing the Shaker-like potassium channel, 
RBK1 (Kvl.1), Activation of rain K may thus involve a 
mechanism fundamental ly different from that of Shaker- 
like channels. 
DTSSP may chemically modify channel surface electro- 
statics, as it would be expected to abolish the charges of 
participating amino acid side chains. This is unlikely to 
explain persistent activation of min K currents, since sulfo- 
NHS-acetate was unable to enhance channel activity. 
Modification of residues exposed to the extracellular solu- 
tion could, however, be responsible for the change in am- 
plitude of t ime-dependent currents seen following simple 
acyiation by the monofunctional agent or after application 
of the cross-linking agent while channels were held closed. 
Alternatively, these conditions could affect ion permeation 
by subtly altering properties of the pore. 
The action of DTSSP on min K- induced currents may 
provide important clues regarding the gating mechanism 
for this channel. Differences seen between the effect of 
the cross-linking agent on expressed channels with versus 
without depolarization may reflect dissimilar exposure of 
reactive sites in the extracellular domain of rain K or vary- 
ing distances separating reactive sites in open versus 
closed configurations. In the first case, intrasubunit cross- 
linking of open channels may hold an activation gate open. 
In the latter case, channel activation may involve subunit 
ol igomerization, and the proximity of subunits would then 
permit DTSSP to grapple channel subunits together, thus 
favoring the conducting conformation and inhibiting deac- 
tivation (deoligomerization). This latter model for channel 
gating could account for the remarkably slow activation 
kinetics of min K currents and the susceptibility of the 
activation kinetics to changes in subunit density and tem- 
perature (unpublished data), It also offers a reasonable 
explanation for how a simple protein with only one putative 
transmembrane domain could form an ion-conducting 
pathway- -by  aggregation of multiple, diffusing subunits. 
Although we interpret the results in terms of a model in 
which rain K channel subunits activate by subunit aggrega- 
tion, they may be the result of an indirect effect of DTSSP 
on min K currents, acting via an endogenous membrane 
protein, or through an allosteric effect by which the min 
K protein regulates an endogenous channel (Attali et al., 
1993); such interactions might also be stabilized by chemi- 
cal cross-linking. Indeed, the results with DTSSP are con- 
sistent with subunit ol igomerization, whatever the basis 
for the channel activity induced by expression of the min 
K protein may be. 
Experimental Procedures 
Oligonucleotide-directed mutagenesis, in vitro mRNA synthesis, and 
oocyte injection and handling were performed as previously described 
(Adelman et al., 1992). Xenopus care and handling were in accordance 
with the highest standards of institutional guidelines. Frogs underwent 
no more than two surgeries, separated by at least 3 weeks, and surger- 
ies were performed using well established techniques by experienced 
members of the Animal Care staff. Frogs were anesthetized with an 
aerated solution of 3-aminobenzoic acid ethyl ester. Xenopus oocytes 
were injected with 0.5 ng of capped mRNA; 2-7 days after injection, 
macroscopic currents were measured using a two-electrode voltage 
clamp with a TEV-200 or CA-1 amplifier (Dagan Corporation, Minneap- 
olis, MN) interfaced to a LSI 1173 computer. Oocytes were superfused 
continuously (1-2 ml/min) with ND-96 containing 96 mM NaCI, 2 mM 
KCI, 1.8 mM CaCI2, 1 mM MgCI2, and 5 mM HEPES (pH 7.6) at room 
temperature (21°C-23°C). Experiments were generally performed 
with the oocyte membrane held at -80 or -100 mV. The general prop- 
erties of the min K-FLAG currents did not differ substantially from 
those of wild-type rat min K. Values from experiments with multiple 
data points are presented as the mean ± SEM. Modifying agents and 
drugs were applied externally in ND-96. Chemical modifying agents 
DTSSP and sulfo-NHS-acetate (sulfosuccinimidyl acetate) were from 
Pierce (Rockford, IL). Neither chemical agent substantially altered the 
pH of the perfusing solution (pH 7.6). Because the activity of these 
compounds varied with lot number, the general reactivity of the lots 
used in these experiments was confirmed by monitoring hydrolysis in 
ND-96, as indicated by the increase in absorbance at 260 nm caused 
by release of the N-hydroxysuccinimide group (Abdella et al., 1979). 
Clofilium was from Research Biochemicals (Natick, MA); DTT was 
from Sigma (St. Louis, MO). 
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